1 Institute of Oceanography, National Taiwan University, Taipei, Taiwan, ROC * Corresponding author address: Prof. Chien-Chung HsuInstitute of Oceanography, National Taiwan University, Taipei, Taiwan, ROC, E-mail: hsucc@ccms.ntu.edu.tw Five external morphometric characters and size at maturity in carapace width of the swimming crab, Protunus sanguinolentus, were examined and compared between sampling groups obtained from the Keelung Shelf and Taiwan Bank. The external morphometric characters used in the present study are: carapace width, carapace length, distance between two sides of first spine, fifth abdominal segment width, fifth abdominal segment length, chela length, chela width and movable dactylus length. Two statistical approaches were applied, i.e. multivariate morphometric analysis was used to compare external morphometric characters and a likelihood ratio test was used to compare maturity curves. Both results obtained show significant differences between the two sampling groups. The size at maturity was represented by LM 50 and estimated theoretically from maturity curves, indicating that LM 50 for females is 97.00 mm CW in Keelung Shelf, and 82.36 mm CW in Taiwan Bank, whilst for males it is 92.62 mm CW in both areas. The results of statistical comparisons are coincident that external morphometric characters of female Protunus sanguinolentus between the waters off the Keelung Shelf and the Taiwan Bank are significantly different.
INTRODUCTION
The swimming crab Portunus sanguinolentus (Herbst 1783) is mainly distributed in IndoPacific tropic regions from East African to Hawaiian waters (Stephenson and Campbell 1959; Sumpton et al. 1989 ). It inhabits sand or mud-sand substrates at different depth depending on its life stage. Juveniles are often found more highly concentrated in estuaries and in shore waters, while adults are more abundant in deep waters (Wenner 1972; Campbell and Fielder 1986) .
The swimming crab has a strong capability of spreading during both larval and adult phases. Larvae could recruit into other spatially isolated populations through long distance transportation controlled by oceanic circulation (Johnson et al. 1984; Johnson et al. 1986; Hobbs et al. 1992; Mense et al. 1995) . Information on oceanographic conditions can help to understand larva dispersion within its habitat. Furthermore, most sorts of oceanic conditions such as oceanographic discontinuities, bio-geographic boundaries, varying climatic regimes and diversities of habitat, etc. can limit distribution of their movements.
Around Taiwan waters, only two traditional fishing grounds, the Keelung Shelf in the north and the Taiwan Bank to the southwest, have known populations of the swimming crab (Hsu et al. 2002) . This occurrence may introduce substantially important information on the Portunus sanguinolentus stock structures around Taiwan waters.
Various approaches have been applied to study the stock delineation of swimming crabs. Typically, multivariate statistical comparisons of morphometric characteristics have been statistically acceptable and powerful (e.g., Melvin et al. 1992; Chu et al. 1995; Harriet et al. 1995; Overton et. al. 1997; Bowering et al. 1998) . Therefore, the purpose of this present paper is to use statistical analyses to compare external morphometric characters and size at maturity of swimming crabs in order to verify the discrepancies of some external morphometric features of Portunus sanguinolentus populations that are spatially isolated in this particular geographical area.
MATERIALS AND METHODS

Sample collection and measurement
Swimming crab samples used in this study were randomly collected from catches of two traditional fishing grounds ( Fig.1 ) during January to April in 1998. Detailed sampling information is summarized in Table 1 . Only specimens with all morphometric characters available were measured and used in the statistical analysis because "missing observations virtually destroy morphometrics" (Pimentel 1979) . For this reason, the dataset of February 1998 was discarded.
Furthermore, in order to take account of sexual dimorphism with respect to morphometric characters (Hsu et al. 2000) and the allometric growth (differential increase rate) of morphometric characters in the life strata (Safran 1992; Lee and Hsu 2003) between sexes, measurements were taken separately by sex. Also since the biological properties mentioned above might result in greater variations attributable to morphometrical characters than geographic location between stocks, only mature female individuals were used in this study to diminish variance.
Consequently, a total 258 individuals was selected for morphometric measurements (Table 1 ) and eight morphometrical characters (CW, carapace width; CL, carapace length; CWIS, distance between two sides of the first spine; FAB, fifth abdominal segment width; FABL, Table 1 . Sampling information of Portunus sanguinolentus collected for the present study, in which the effective sample size is total specimens used in the present study after outliers diagnosis.
fifth abdominal segment length; CH, chela length; CHW, chela width; CHP, movable dactylus length) were taken to study (Fig. 2) . The characters were measured using precision Vernier calipers to the nearest 0.01 mm.
Fig. 2.
The main portions of Portunus sanguinolentus to illustrate eight morphometric characters forming datasets for multivariate analysis, where CW is carapace width; CL, carapace length; CWIS, distance between two sides of first spine; FAB, fifth abdominal segment width; FABL, fifth abdominal segment length; CH, chela length; CHW, chela width; and CHP, movable dactylus length.
Data diagnosis and size adjustment
Considering allometric growth (Hsu et al. 2000) , all measurements were log-transformed before statistical analyses. Potential biases in the datasets may exist in the CH variable since crabs can autotomize appendages to escape and avoid danger, and missing appendages undergo one or more molts to recover their former sizes. Consequently, undersized regenerating appendages may introduce deviations apart from the expected normal deviations.
Data diagnosis and size adjustments preceded statistical analysis. To do so, Cook's distance was used to diagnose outliers by the regression of each chela length on carapace width for individual samples; and the Burnaby method (Burnaby 1966 ) was used to size adjust to reduce process errors due to size discrepancies. The Cook's distance ( D i ) is a metric measurement for deciding how a particular point alone is to influence regression estimates by measuring the change of the sum of squared differences for every ith observation when the ith point is removed (Cook and Weisberg 1998), i.e., a standardized average squared disparity between the two sets of coefficients. Let ˆ( ) η i and η be the vector of k regression coefficients with the ith observation deleted and the vector of k regression coefficients for the full dataset respectively, then, D i can be computed by:
where U ( U T , the transposed U ) is the n x k matrix including an initial column of 1s (ones) for the intercept. Hence U U T is the cross-product matrix used to generate the predicted values. The denominator of equation (1) standardizes the formula by a scale factor k to take account of the variability around the regression fit and the number of coefficients. Hence, samples were excluded from subsequent analyses when D i is larger than 0.5. The Burnaby's size adjustment was done by projecting measurements onto a hyperplane orthogonal to the specified vector by postmultiplying the n by p matrix of the character data by a p by p symmetric matrix, L, defined as:
where n is the number of observations, p is the number of variables, I p is a p by p identity matrix, V is the isometric size eigenvector, and V T is the transpose of matrix V (Rohlf and Bookstein 1987) . For morphometric comparisons to identify populations, the resultant adjusted data matrix, L, was used first to extend the hierarchical cluster analysis by the unweighted pair-group method with arithmetic means (UPGMA; Sneath and Sokal 1973) and then to the canonical discriminant analysis.
Statistical analyses of external morphometric characters
Hierarchical cluster analysis is a statistical method for finding relatively homogeneous clusters of cases based on measured characteristics. Using measured distances, the hierarchical tree is always applied to join homogeneous groups together into successively larger clusters. For instance, the distance between two clusters can be calculated for UPGMA, as the average distance of all data measurements in two different groups, and represented by the Euclidian distance. The Euclidian distance (x, y) is the measurement among centers of the p-characters between two groups. Then, let the characters measured be X x x x p = ( , ,..., ) 1 2 for the group one and Y y y y p = ( , ,..., ) 1 2 for the others, the Euclidian distance would be:
Canonical discriminant analysis is a dimension-reduction technique related to principal component analysis and canonical correlation. Given a classification variable and several interval variables, the canonical discriminant analysis derives canonical variables (linear combinations of the interval variables) that summarize between-class variation similar to the principal component analysis that summarizes total variation. Accordingly, the analysis proceeded as follows: 1) the two sample groups, represented by six sampling subgroups (three for each group), were denoted by swarms of points for the eight morphometric characters, i.e., 8-dimensional space centered at a point and characterized by mean vectors that disperse about this point in ellipsoidal shape described by a variance-covariance (V-C) matrix, 2) the eigenvalues of the V-C matrix and the Bartelett's criterion were used to decide how many eigenvalues obtained contribute significantly to the identification of the six sampling subgroups, 3) the mean vectors (6 elements) representing each of the six sampling subgroups were illustrated in canonical form, and 4) the six mean vectors were used with their corresponding centers and 90% confidence intervals as radii to illustrate the 90% ellipsoidal regions. Consequently, comparisons were achieved.
Analysis of maturity curves
Crabs used in this approach were collected during October 1997 to April 1998. Totals of 511 and 873 female individuals were collected for the Keelung Shelf and Taiwan Bank respectively to analyze size at maturity. Maturity of specimens was determined following the same method as described in Hsu et al. (2000) .
The size (carapace width) at 50% maturity, LM 50 , was estimated by fitting a logistic maturity model with the proportion of maturity on carapace width (Somerton 1980; 1981) . The logistic maturity model is given by
where P(L) is the probability that a crab with carapace width L mm is mature, and a and b are parameters to be estimated, usually a < 0 and b > 0 were found. The logistic equation is symmetrical at its LM 50 , which is given by
The comparison between individual parameters uses asymptotic standard errors which were obtained from the maximum likelihood estimation (MLE) for parameters of logistic maturity equations. Tests of significance among logistic models usually use likelihood ratio tests based on an asymptotic Chi-square (Sokal and Rohlf 1995; Quinn and Deriso 1999) . Tests for equality of parameters between datasets based on the theory of likelihood ratio tests have been introduced by several scientists such as Kimura (1980) , Cerrato (1990) and Quinn and Deriso (1999) . The likelihood ratio tests can be used to compare full models with a reduced model for two or more datasets. By assuming a normal distribution with additive errors for five data sets, the maximum likelihood estimation ( MLE i ) of parameters Θ i , and standard deviation σ i for data set i, Y i with sample size, n i results in:
andˆ(ˆ)
The joint maximum log likelihood ln L F for the full model is obtained by:
Meanwhile, the maximum log likelihood for a reduced model, ln L R , is deduced from (8) with n i and σ i 2 replaced by n and σ 2 . The resultant likelihood ratio test statistics being:
The asymptotic distribution is a chi-square distribution with degrees of freedom equal to the difference in the degrees of freedom between the full model and reduced model.
The hypothesis test is Θ Θ i j = for all pairs (i, j) vs. Θ Θ i j ≠ for at least one pair (i, j) . There are DF Rp p R p = − = − ( ) 1 degrees of freedom, where R is the number of datasets and p is the number of parameters. A significant ratio indicates that a reduced model is not statistically similar to the full model. The standard error of LM 50 was computed using the delta method (Somerton 1980; Seber 1982; Cox 1990 ) to estimate the confidence interval.
All analyses in this study were performed using Statistical Analysis System software (SAS Institute Inc. 1985) and NTSYS (Rohlf 1993) , and all statistical tests were done at 5 % probability (P) level of significance.
RESULTS
Samples diagnosis
The use of Cook's distance indicated that two samples were outliers, one from the sample group collected in January 1998 from the Taiwan Bank, and the other from the sample group collected in April 1998 from the Keelung Shelf. These two samples were deleted in the following analyses. The final sampling data used in the present analysis have been summarized in Table 1 . The correlation analysis revealed that they were highly mutually correlated in each other's characters (all correlation coefficients are between 0.98 and 0.59). This indicates the desirability of analyzing response variables jointly rather than separately by series of univariate analyses (Kleinbaum et al. 1998 ). However, the carapace width, which was used as the covariate in the study, presented low overlap between samples (Fig. 3) .
Canonical discriminant analysis
As illustrated in the hierarchical dendrogram (Fig. 4) obtained from UPGMA analysis, each group joined together into successively larger clusters. Comparisons of computed Euclidian distance (Table 2 ) indicate a concise result such that the discrepancies were obvious for all the selected external morphometric characters between two sample groups.
The examination of eigenvalues obtained from the canonical analysis (Table 3) showed that the first six eigenvalues were significant (P < 0.0001). As estimated, the cumulated contributions of variability are 40.33%, 63.21%, 79.62%, 87.50%, 94.24% and 100% from the first to the sixth eigenvalue, respectively. Moreover, the data when compared with Wilk's Lambda indicate that there were significant differences between the two groups (Keelung Shelf and Taiwan Bank) in external morphometric characters for Portunus sanguinolentus (Wilk's Lambda = 0.5872, P < 0.001). Furthermore, the first two canonical variables (63.21% of the total shape variation) obtained from the canonical discriminant analysis were illustrated with their 90% ellipsoidal circles (Fig. 5) for each sampling subgroup. The results indicated that two groups might be classified for those six subgroups of Portunus sanguinolentus. In addition, it was established that two groups were clearly from different areas. Hence, our results suggest that two stocks were reasonably identified, i.e., one being the Taiwan Bank stock and the other the Keelung Shelf stock.
Size at maturity comparison
The maturity curves were modeled using logistic equation (4) by sex and area. The parameters of logistic equations were estimated by the maximum likelihood method and their 
Sampling subgroups
Eculidian distance between the centers of sampling subgroups Table 2 . Euclidian distance estimated between each sample of Portunus sanguinolentus, in which a long distance was computed as shown in bold type between two sampling groups. Table 3 . The examination of eigenvalues and the hypothesis test for those eigenvalues by Chi-square approach in the present Canonical discriminant analysis using eight morphometric characters of Portunus sanguinolentus (n = 258). , P = 0.0010 ** ); yet for males, the difference was not statistically significant ( χ 2 0 5686 = .
, P = 0.4508). Consequently, three logistic maturity curves (Fig. 6) , two for females' in both areas and one for males for a combined area, were obtained as:
Maturity curve for females: 
Further, the LM 50 was estimated by equation (5) with above estimated parameters and its 95% confidence interval was computed using the delta method. Therefore, as Table 4 shows, LM 50 was estimated theoretically at about 97.00 mm CW and 82.36 mm CW for females in the Keelung Shelf and Taiwan Bank, respectively; and 92.62 mm CW for males in the combined area. The statistical comparison of LM 50 for females between areas was tabulated in Table 4 , indicating that there were statistically significant differences between areas.
DISCUSSIONS
Within this study, the "stock" is considered to be an intra-specific group of individuals that exhibit specific phenotypic attributes in response to environmental and biological factors, then according to the current results of the morphometrics analysis and LM 50 comparisons, two distinct Portunus sanguinolentus stocks may be proposed around the waters off Taiwan. Without any additional distribution information of Portunus sanguinolentus in the Taiwan Strait, the distribution boundary of the two stocks may be an interesting and essential topic in the zoogeographical study of the species. However, different topographic and oceanographic environments (Anonymous 2000) may reasonably explain the result of this fact of stock separation.
In contrast to a linear comparison, a new geometric method may provide more complicate stereo-morphological comparisons and obtain more satisfactory results (Baylac and Penin 1998) . In addition, meaningful shape characters can make for the most useful group discriminators (Bookstein 1996) . The multivariate approach is best for isolating shape difference because multivariate techniques use a composite measure of general body size that reflects the average value of traits for each individual (Strauss 1993) . A general size measure averages the random variation inherent in individual traits, thereby reducing statistical noise and providing a more comprehensive description of the amount and direction of shape change (Cavalcanti et al. 1993; Strauss 1993) .
Because the goal of morphometrics is the study of size and shape variation, one of the basic steps often required is standardization for size. Various techniques for removal of size have been inquired into for obtaining size-free morphometric data, such as regression techniques (Reist 1985) , the ratio method (Avsar 1994) , shearing principal components analysis (Humphries et al. 1981) , and Burnaby's method (Burnaby 1966 ). Burnaby's method can effectively diagnose sized-related variation within a group from between-group difference (Bookstein et al. 1985) . The morphometric data sets adjusted by Burnaby's method have one dimension less but with the advantage that subsequent analysis made with this data matrix can be interpreted as containing size free information. In addition, the use of nonlinear transformations sharpened some of the findings, and reduced the effect of some outlier observations. Therefore, log-transforming data, in the present study, can generate a nearly normal distribution, eliminate the effect of scale on variances (LaBarbera 1989), and decouple means from variances to ensure independence of data sets (Underwood 1997) .
The multivariate approach, particularly in cluster analysis, is sensitive to outliers (Johnson and Wichern 1998) . Therefore, outlier identification is important in application of multivariate analysis (Rousseeuw and van Zomeren 1990 ). An outlier in the data may indicate special circumstances warranting further investigation, e.g., the presence of an unanticipated interaction effect. Therefore, it is inappropriate to immediately discard the observation unless strong evidence indicates that it resulted from a mistake, e.g., an error in data recording or some other cause independent of the process under study, such as an obvious instrument malfunction. The identification of outliers is usually based on robust regression diagnostic statistics, such as jackknife residuals (Belsley et al. 1980) , leverages (Stevens 1984) , and Cook's distance (Cook and Weisberg 1998), etc. The LM 50 of female Portunus sanguinolentus was observed to present a slightly larger size in Keelung Shelf than in Taiwan Bank. Though a shortage of small sized crabs was apparent in the samples affecting the maturity curve, and tending the LM 50 estimation to bias, the LM 50 of female Portunus sanguinolentus obtained from different waters (Table 5) shows that a related geographical differences in size at maturity is dependent on the latitudinal gradient. Quinn and Kojis 1987 suggested that crabs matured at smaller size in lower latitudes than in higher latitudes. The current estimates of LM 50 are coincident with this geographical tendency. However, there were populations that did not fit this rule, such as the mangrove crab (Perrine 1978) , tanner crab (Somerton 1981) , and red king crab (Powell et al. 1983) . The female Portunus sanguinolentus in the Indian waters (19°N latitude) inhabits a lower latitude, but matures to a larger size. Identification of exploitable stocks is necessary for a number of reasons including allocation of catch among competing fisheries, recognition and protection of nursery and spawning areas, and for development of optimal harvests with monitoring strategies (Begg et al. 1999) . Since, some fisheries occur on mixed-stocks, it is essential to identify and quantify the various stock components that comprise these mixed-stocks. Also fishing pressures can affect genetic diversity whilst ignorance of stock structure can lead to dramatic changes in the biological attributes, and ineffective fisheries management, e.g., the genetic diversity and low productivity rates of a species (Smith et al. 1991) . As a result, misleading results of stock identification can collapse low scale component stock in multi-species fisheries. Moreover, the aquatic organisms are more "plastic" than many animal taxa, showing higher coefficients of variation of life history and morphological features (Allendorf et al. 1987) . Therefore, stock identification should be more careful in using morphometric characters than in other techniques, such as genetic biomarkers. Hence, in the future, the comparison of external morphometric characters studies may proceed with the investigation of genetic variations in order to obtain more concrete and accurate results.
